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ABSTRACT
The effects of a glass fiber reinforcer on the
properties of poly(methyl methacrylate) were evaluated.
A silane coupling agent (M8550 Petrarch Systems, Inc.)
was employed to promote adhesion between the materials.
FTIR analysis, ESCA/Auger and SEM techniques were used
to characterize the silane coating.
The mechanical properties, such as bending
strength, improved with an increase in the volume
percent of fiber.

The addition of the M8550 silane

directly into the monomer solution showed the most
improvement, 23 percent increase, when compared to the
uncoated glass fiber.

The glass transition temperature

as measured by DSC and the heat distortion temperature
(HDT) did not appear to be greatly influenced by the
presence of the fiber.

The linear thermal expansion

followed a model proposed by Turner.
The silane coupling agent bonding at the
fiber/polymer interface was determined by FTIR analysis
of treated ground glass.

The results indicate that

bonding between glass and silane, along with silane and
polymer is occurring.

SEM photomicrographs of fracture

surfaces support this observation.

ESCA/Auger analysis

of the thickness of the silane coating indicates that
coverage is much greater than a monolayer.
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I. INTRODUCTION
It has been established that the materials currently
available for aircraft canopy transparencies are somewhat
deficient in their mechanical performance.

One of the more

important requirements placed on the materials is the
capability to withstand a high impact load such as a that of
a bird strike.

The inability of canopy materials to

adequately survive a bird impact means the potential loss of
life and aircraft.

For this reason, the canopy plays an

important role in the success of the aircraft.

Today’s

canopy systems include monolithic stretched acrylic plastic,
laminated polycarbonate composites, and combinations of
glass and plastic (1).

Each of these systems involves a

modification which leads to an acceptable material, but
which does not produce a superior material.

With many

pounds of aircraft transparencies being produced each year,
a superior material is desirable both from a financial and
scientific view point.
The addition of fiberglass to polymers is a technique
known to improve many of the polymer’s mechanical
properties.

The fiber can be in many forms; chopped,

unidirectional or woven cloth.

The ultimate use of the

composite will dictate the fiber orientation, geometry and
loading.

The fibers are generally coated with a sizing

material that performs two basic functions; mechanical
protection of the fiber and the promotion of a strong
interaction between the fiber and polymer.

This interaction
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aids in the stress transfer from matrix to fiber and
prevents air from collecting at the glass fiber/matrix
interface.

The exclusion of air or voids is known to

greatly improve light transmission.

Thus, it has been

proposed that by the intimate combination of an optically
similar glass and plastic, it should be possible to generate
a composite with greatly improved strength while retaining
acceptable optical transparency.
The requirements for complete transparency include the
following; the glass fiber and resin matrix should have
identical refractive indices and the interface should not
produce a third optical media.

Rutz has helped establish

these requirements in a thesis presented to the University
of Missouri-Rolla (2).
The materials chosen for this investigation were
poly(methyl methacrylate) and an optical glass designated
BK-10 by Schott Optical Inc.

These two materials are

reported to possess very closely matched refractive indices.
The use of a silane coupling agent to generate adhesion
between the two materials, thus excluding air, is of vital
importance.

This study includes evaluation of both thermal

properties and mechanical properties as associated with the
presence of fiber and the silane coupling agent in
poly(methyl methacrylate).

The bonding and thickness of the

silane coating have also been examined.

A complete optical

characterization is contained in Rutz*s in thesis.
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II.

REVIEW OP LITERATURE

This study is mainly concerned with the preparation and
characterization of a transparent glass fiber reinforced
plastic composite (PRP).

This involves investigating bulk

properties; mechanical and thermal, as well as microscopic
properties; bonding at the interface and silane coating
thickness.
The material published on the properties of glass fiber
reinforced plastics is immense and has been reviewed many
times before.

For this reason the author felt a

comprehensive review would be impractical in the allowed
space (see below).

An introduction to the mechanical

requirements and adhesion measurement of the glass
fiber/polymer interface are presented, with the main focus
of this discussion being the chemistry and characterization
of silane coupling agents as associated with PRP composites.
The author refers the reader to some excellent review
articles that cover the material testing not discussed in
this manuscript.

Holliday and Robinson (3) present a

discussion on the thermal expansion of composites based on
polymers, Takemori (4) reviews the heat distortion
phenomenon in thermoplastics, and Turi (5) offers a
comprehensive review of the above and a lengthy discussion
on the DSC studies of thermoplastic systems.

The mechanical

properties of glass reinforced composites are discussed in
detail by Nielsen (6) and Brassell (7).

Several

publications are available that discuss the interface of
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composites, among the best are Molecular Characterization of
Composite Interfaces by Ishida (8) and Fundimental Aspects
of Fiber Reinforced Plastic Composites by Schwartz and
Schwartz (9)*
A.

SILANK COUPLING AGENTS
1.

Mechnical Properties, Interface.

The fiber/matrix

interfacial region of fiber reinforced plastic is critical
to the success of the composite in structural applications.
Sufficient adhesion must be generated at all of the fiber
surface to allow for the maximum reinforcement of the fiber
(10).

If voids or debonded regions exsist, they will act as

stress concentration points in the matrix and lead to
premature failure.

Because of this, methods have been

developed to determine the strength of the interfacial
region.
Two basic techniques have been developed to quantify
the interfacial strength (10); flat plate and single fiber.
The flat plate technique involves placing resin (adhesive)
in contact with treated glass slides (adherend), or bonding
the plastic directly to a single plate.
polymer is also acting as an adherend.

In this case the
Shearing the slides

or slide and plate apart leads to information about the
adhesive and cohesive nature of the polymer.

The single

fiber technique involves placing a single fiber in a resin
matrix such that the system can be tested in tension or
embedding a fiber in a resin matrix and shearing along the
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axis of the fiber.

The fiber pullout method best simulates

the conditions found in fiber reinforced composites so this
technique will be described.
Emadipour et a l . (11 ,12) investigated the interfacial
strength in two separate studies.

The systems investigated

were monofilament fiberglass ’’pullout" in epoxy.

In both

instances they determined that a difunctional amino silane
coupling agent in epoxy generated better interfacial
strength than a monofunctional amino silane coupling agent.
The shear strength was found to increase up to 75 percent.
Their results also suggest that there exists an optimum
silane thickness with respect to shear strength.
The investigations also generated information about the
mode of failure for the pullout tests.

They found that if*

the silane layer was too thick, nearly perfect fiber pullout
was observed.

They hypothesized that the silane layer was

failing cohesively and that the lack of resin attached to
the fiber confirmed this theory.
2.

Silane Chemistry.

With the advent of fiberglass

reinforced plastics in the 1940fs, it was quickly realized
that improved performance would require the elimination of
water that can intrude into the interfacial region (1 3 )•
Some of the first materials considered
organofunctional silicones.

for this problem were

After evaluating many different

organofunctionized silicone species,

it was found that

relatively few silanes and a methacrylate-chrome complex
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(VolanA) (14) contributed substantially to the solution of*
this problem,
A silane coupling agent may be described as a molecule
which possesses two classes of functionality, a readily
hydrolyzable group and nonhydrolyzable organic radical.
Both are bound to the same silicon atom.

The hydrolyzate

product, silanol, subsequently reacts with a siliceous
inorganic substrate.

The silanols can also react with metal

oxides of aluminum, zirconium, tin, iron, and boron.

The

nonhydrolyzable organic radical possesses a specific organic
functionality capable of interacting with polymers.

The

general formula is given below.
(X). SiR
4-n
n
where "X" is the hydrolyzable group; chlorine, alkoxy or
acyloxy and "R" is the organic radical.

For our work,

methacryloxypropyltrimethoxy silane and
methacryloxypropyldimethylethoxy silane were used.

Their

structures are illustrated in Figure 1.
The silane can be deposited on the fiber surface by a
number of techniques.

These include aqueous solutions,

organic solutions, integral blending and dry blending.

The

chemistry associated with deposition of the silane can be
described in four steps: hydrolysis, condensation, hydrogen
bonding and bond formation.

This process is shown

schematically in Figure 2.
The hydrolysis reaction involves the nucleophilic
attack of water.

The rate of this reaction is a function of

ch 2 =c

(c h 3 ) c o o c h 2 ch 2 c h 2 S i c o c h 3 )3

METHACRYLOXYPROPYLTRIMETHOXY-SILANE

CH2 =C(CH3 )C00CH2 CH2 CH2 Si (CH3 )2 (0CH2 CH3 )
METHACRYLOXYPROPYLOIMETHYLETHOXY-SILANE

Figure 1.

The molecular formula for the two silane molecules utilized in
this study.
The upper molecule is the trimethoxy silane, M8550
(Petrarch Systems, Inc.) silane.
The lower molecule is a
monoethoxy analog of the above.
It too is available from Petrarch
Systems, Inc.
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AQUEOUS SILANE REACTIONS

HYDROLYSIS:
pH
----->

RSi(OCH^),
5 5

RSi(OH),
5

+

3CH,OH
5

CONDENSATION:
2RS i (O H )
2

pH
----->

R
R
I
I
HO-Si-O-Si-OH
I
I
OH
OH

+

H90
*

HYDROGEN BONDING:
R
R
I
I
HO-Si-O-Si-OH
/.aN /n %
H I., / HH s , / H
0
0
-Si-O—Si-

_L____ 1 _ _ .

SUBSTRATE SURFACE

BOND FORMATION:
R
R
I
I
HO-Si-O-Si-OH
I
I
0
0
I
I
-Si-O-Si-- 1-------------1

Figure

2.

SUBSTRATESURFACE

The four basic reaction steps involved with the
deposition of a silane on a siliceous inorganic
substrate.
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the pH of the aqueous solution, solubility, and
concentration of the silane.

When the pH of an aqueous

solution of silane is adjusted to 4 or 5, typical for
coating solutions, the reaction proceeds quickly (8).

The

hydrolysis reaction requires the presence of water,
therefore if the silane is added directly to a system
without being hydrolyzed, water at the substrate surface is
required for reaction ( 1 5 )•
The condensation reaction can begin as soon as silanols
are formed.

This reaction is also a function of pH, silane

concentration and the nature of the "R" group.

A coating

solution remains useful only with a minimum of
polysiloxaneformation.

Polymer formation is usually

followed by polymer precipitation, this effectively removes
the silane from solution.

Polymer formation can also alter

the chemistry of the deposited material.

Pohl et a l .

(8 )

have found a minimum of polymer formation at a pH range of 4
to 5-

Thus, it is highly desirable to control the solution

parameters to obtain the hydrolyzate as quickly as possible
while also retaining solution stability.
The hydrogen bonding reaction occurs between silanols
of the silane as well as with the substrate surface.

Some

simple experiments have been developed using glass thin
layer chromatography (TLC) to demonstrate hydrogen bonding
(16).

Unhydrolyzed silanes were observed to freely m igrate

whereas the hydrolyzed silanes would tenaciously remain,
indicating an attraction of silanols for the glass surface.
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Studies of adsorption isotherms with respect to silane
solution have found that the reaction is essentially over is
seconds and that over time only small increases in silane
adsorption are noticed (17).

Johannson et a l . (18) found

that coverage is also dependent on the nature of the silane.
They determined that coverage for amino silanes was less
than vinyl or methacrylate silanes by virtue of the amino
group also reacting with or adsorbing to the surface.
The condensation reaction is induced by heating the
surface and driving away the condensation bi-product of
water.

Ishida and Koenig (19) have examined the

reversibility of the condensation reaction and determined
that the oxane bond can be hydrolytically broken, and
subsequently reformed on heating.
The reactions of the organic radical with the polymer
is dependent upon the type of polymerization mechanism.
Amine functionalities are known to co-cure epoxies, whereas
vinyl and methacrylate functionalities usually co-polymerize
in free radical initiated polymerizations.

These systems

form covalent linkages between the silane and polymer.
Other interactions such as acid-base, surface tension and
interpenetrating network are also known to exist.
Plueddemann (20) has reported that excellent coupling can be
accomplished in systems which involve a nonfunctional
polymer, i.e. no reactive group on the polymer, such as
polypropylene by the interpenetrating network system.
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3.

Stress Transfer Theory*

In the early sixties, the

U. S. government became very interested in the performance
of composites because of their possible use in aircraft as a
means of weight savings.

With this came a considerable

effort to characterize the bonding of the silane and
mechanism of stress transfer associated with the silane
interface.
The theories developed to explain the mechanism
associated with stress transfer at the interface of
fiberglass and polymers are many.

The Deformable Layer

Theory (21) suggests that the interface is plastic in nature
and thus offers a relaxation to stresses that build between
polymer and fiber.

In the Preferential Adsorption Theory

(22), it is stated that if the silane layer could induce the
adsorption of unreacted starting materials, i. e. monomer,
that it could in effect plasticize the interfacial polymer.
This flexible layer could then act as a stress relieving
region.

In the Surface Wettability Theory (21), it is

suggested that if the filler were to be completely wet by
the resin that improved adhesion would be the result.

In

the Restrained Layers Theory (21 ), it is stated that if the
interface were to contain a layer that had an intermediate
modulus between the fiber and the polymer matrix, then
efficient stress transfer would follow.

Finally for the

Chemical Bond Theory (14,21,22), the authors suggest that
the formation of a covalent linkage from matrix to fiber
offers the best stress transfer medium.

The author of this

iZ

thesis finds this theory to be the most acceptable because
of simplicity and good experimental evidence.

Because of

this, the Chemical Bond Theory principles were utilized when
designing the system studied in this thesis, and thus it
will be discussed in further detail.
4-

Chemical Bond Theory.

The most popular theory, the

Chemical Bond Theory, which explains the stress transfer
process, was developed by several persons in the late
1940*s.

Witt et a l . discussed the possibility of a chemical

bond forming between resin and silane.

In a now

declassified report to the Naval Bureau of Ordinance, they
suggest that allyl silanes could conceivably copolymerize
with unsaturated resins. This was backed by later
observations that the addition of allyltriethoxysilane to
the surface of glass fibers gave unsaturated polyester
composites twice the strength of composites formulated with
ethyltrimethoxysilane (incapable of forming a primary bond
with the polymer).

Bjorksten and Yeager are considered to

be the original authors of the "Chemical Bond Theory".
^949 they too worked under a Naval contract.

In

They stated

that vinylchlorosilanes performed substantially better than
the more than 200 other compounds screened.

They suggest

that this observation could be the consequence of a bond
forming between fiber and polyester.
Proof of actual bonding between glass, silane and
polymer was not available at that time.

It was determined

in the early 1960*8 (23), via electron microscopy that
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deposited silane could be removed from the surface of glass
by extraction.

Islands of silane were observed where a

homogeneous coating has once existed.

This information did

not give direct evidence of bonding, but it clearly
indicated that the coating was not tenaciously bound as a
whole .
Radioisotopic studies in the late 1960's began to
generate information with respect to bonding.

Johannson et

al. (18) and Schrader (17) authored papers concerned with
the bonding of silane to glass.

Schrader's study concluded

that the silane was bound to the surface of the glass in
three fractions.

The first fraction is a physically

adsorbed layer easily removed by a cold water rinse.

This

fraction was not found to be important in the improvement of
the wet strength of the composite, and if too thick, could
actually decrease the dry strength.

The second fraction was

a chemisorbed layer that could be removed with an exhaustive
boiling water treatment.

This layer proved to be very

important to the wet strength of the material.

The final

fraction was determined to be material that was intimately
bound to the surface, probably by covalent bond formation,
and was not removable.
This observation lead to the conclusion that the simple
idea of a monomolecular layer is not realistic.

Even

conditions that should theoretically lead to a monolayer,
were found to generate a thicker film (17).
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The bonding between silane and polymer was studied by
Johannson et. a l . (18).

They investigated the

copolymerization of an unsaturated polyester resin with a
silylated surface.

By reacting the resin with an

unsaturated silane and then attempting to extract the resin
in tetrahydrodrofuran (THF), it was found that a
considerable amount of material remained.

In a separate

investigation they also determined that extracted coupling
agent could not be fractionally removed from a
methylmethacrylate-styrene copolymer.

This is very strong

evidence of chemical bonding between silane and polymer.
Ishida and Koenig continued studying the interface in a
series of papers based on FTIR techniques (19,24-30).

The

results of their work also indicate bonding at both
surfaces.

By examining the appearence and disappearenee of

key vibrational peaks in the IR spectrum they confirmed that
Si-O-Si bonds were forming between the substrate and silane.
Again, by utilizing extraction methods and following key
peak patterns, the verification of copolymerization was
realized.

Their studies included epoxy systems cured by

amino silanes and vinyl systems that copolymerized with
unsaturated silanes.
The evidence backing the Chemical Bond Theory has
increased with improved techniques and understanding.

The

Chemical Bond Theory has been modified by Plueddemann (31)
to account for the observation that the oxane bond formed
between substrate and silane can be hydrolyzed.

Ishida and
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Koenig (19) investigated the effect of water on the bonding
of the silane to glass and found that the Si-O-Si bond can
be hydrolytically broken and reformed upon drying.
Plueddemann has suggested that, because of the reversibility
of the oxane bond when exposed to water, stress relief at
the interface may be a result of a dynamic breaking and
reforming of oxane bonds.

The above evidence of bond

reversibility is a strong indication that the Chemical Bond
Theory may be too unsophisticated as given, but that the
general approach is probably the most accurate.
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III.
A.

EXPERIMENTAL

PREPARATION OF COMPOSITE
The procedure begins with formulation of the monomer

solution.

Methylmethacrylate (Aldrich Chemical Company) was

vacuum distilled, as required to remove the inhibitor and
any impurities present.

Once distilled, the monomer was

stored refrigerated until needed.
The polymerizable solution was generated as follows;
0.5$ azobisobutylnitrile intitiator, 1.0#
tetraethyleneglycol dimethacrylate crosslinking agent and
3*0# methacryloxypropyltrimethoxy silane (M8550, Petrarch
Systems, Inc.) were added to the monomer.
stirred until the inititator dissolved.

This solution was
The solution was

now ready for polymerization and could be used immediately
or stored in a refrigerator until needed.

If the fibers

were to be pretreated with a silane solution before
introduction into the monomer solution, the silane was
omitted from of the monomer mixture.
The silane was used as received.

The presence of

extremely small quantities, 0.5 area percent,

of dimers and

other polymeric material were confirmed by H P L C .
The glass fibers were made at the Materials Research
Center at the University of Missouri—Rolla by Rutz and
Olsen.

BK-10 bulk glass was purchased from Schott Technical

Glass, Inc.

The basic procedure involved placing glass

fragments in a resistance heated platinum container and
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remelting.

Fibers were drawn from a boule of molten glass

formed at an orifice in the bottom of the platinum
container.

The fibers were collected on a rapidly spinning

wheel, the diameter was controlled by monitoring the
temperature of the container and the speed of the collecting
wheel.
The fibers were then chopped by hand with scissors to
the desired length or chopped in a blender while suspended
in methanol.
The formation of the composites involved placing a
desired amount of glass fiber in a heat sealable plastic
bag, introducing the monomer solution, followed by
degassing.

The degassing process involved placing the bag

containing the mixture in a liquid nitrogen bath.

The

monomer was frozen to exclude any dissolved or adsorbed gas.
This procedure was repeated until one no gas remained.

The

bags were then sealed and the monomer allowed to polymerize.
The second technique involved placing the contained mixture
in a vacuum desicator and applying a vacuum until all the
dissolved and adsorbed gas was removed.

Again, the bag was

sealed and the polymerization allowed to occur.

The latter

procedure was preferred because of the excellent results
obtained.
Polymerization was carried out in a temperature
controlled water bath.

The polymerization reaction was

mantained at ambient temperature, usually between 30 and 40
°C, until the composite systems showed an appreciable change
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in viscosity.

At this point the bag was massaged until the

fibers were evenly distributed throughout the system.

The

bag was then placed between two glass plates and pressure
was applied by large rubber bands.

The bags were then

placed on a rotating device to keep the fibers distributed
and to insure that fiber agglomeration did not occur.
Because of the nature of the hydrophilic fiber in a
hydrophobic media, electrostatic attraction and mechanical
entanglement, some agglomeration of the fibers did

occur,

but this was an unavoidable consequence of this this
techinique for synthesizing the composite.
After the composite had solidified,

it was heated to

tOO °C for up to 6 hours to insure that all the monomer had
polymerized.
Each specimen was visually checked to insure that
bubbles or other imperfections were absent.

Further

processing could now begin depending on what test was to be
performed.
B.

THERMAL ANALYSIS
Characteristic properties of plastics such as glass

transition temperature, melting point, softening point, and
deflection temperatures can be determined by
thermomechanical tests.

Two kinds of tests were applied;

the free expansion test amd the flexual test under load
based on American Society for Testing and Materials, ASTM
D648.

The raw experimental data is a curve of the change of

one dimension of the test specimen versus temperature.

Prom

this curve the linear expansion coefficients as well as the
characteristic temperatures can be determined.

Thermal

properties of plastics, such as glass transition
temperature, melting temperature, and heat of fusion can
also be determined by differential scanning calorimetry
(DSC).

In this study, the glass transition temperature of

the matrix was investigated.
t.

Specimens.

Free expansion test; roughly square

specimens with a flat surface of 16 mm

2

and a thickness

ranging from 2.0 to 3-5 mm were machined from a composite
bar.

The flexural test specimens were t.t mm in thickness,

3*0 mm in width and more the 5*1 mm in length.

They were

machined from composite bars.
The test specimens used for the DSC were cut from
composite bars using a knife.

Because of the hardness of

the composite, it was difficult to regulate the size of the
specimen, but an effort was made to reproduce the size of
the specimen for each test.
specimen was 5 mg.

The approximate weight of each

The specimens were placed in an aluminum

pan, covered with a lid and hermetically sealed, and they
were then loaded into the sample holder of the DSC.
2.

Test Equipment

A Thermomechanical Analysis System

(TMS-2) from Perkin Elmer Co. was used for the expansion and
flexural tests.

The components of the TMS-2 system are the

analyzer unit, the heat control unit, the TMS-2 control
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unit.

The peripheral equipment includes the Microprocessor

Controller (System 4) used to establish the temperature
program and to control the heating unit, and a Microcomputer
(Data Station 3600) for collecting and analyzing the data.
The probes include a flat tip of 1.8 mm quartz probe
used for the free expansion test, and a knife edged quartz
probe for the flexural tests.

Both the expansion and

flexural tests were run from 30 °C up to 250 °C at a heating
rate of 5 °C/min.

The expansion test specimen lay flat on

the quartz sample tube, while the HDT specimen was placed
across two parallel knife edge shaped supports, 0.508 cm
apart.

The expansion probe rested flat on the specimen

surface with no force, the weight of the probe is
compensated for by a buoyant suspension device.

The net

applied load on the top of the flexural probe was calculated
to produce a pressure of 66 psi or 264 p s i .

It was found

that there was no appreciable difference in the flexual
curves for the two pressures,

so results for 66 psi are

reported.
A Perkin Elmer Differential Scanning Calorimeter
(DSC-4) was used to determine the glass transition
temperature.

The temperature program was controlled by a

microprocessor (System 4).

The Thermal Analysis Data

Station 3600 was used to collect and analyze the data.
The tests were run at a constant heating rate of to
°C/min.

The initial temperature was 25

and the final 250
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C. BENDING- TEST
Three point bending tests produce stress-strain curves.
The way in which a material reacts to the constant strain
rate depends upon the polymer properties as well as the
presence of reinforcing materials.

There are several

important features of the experimental curve including the
flexural modulus, yield point, and flexural strength at
break.

The elastic modulus is defined as the ratio of the

applied stress to the corresponding strain below the
proportional limit of the material.

Bending strength is the

stress at the yield point as observed from the bending test.
1.

Specimens.

The composites were produced by the

same procedure previously described.

The fibers were coated

prior to introduction into the monomer.

The procedure for

coating the fiber is the same as described for the IR
analysis.

Machined bars had typical dimensions of 5«0 cm by

0.5 om by 0.3 cm.

These demension produce a test that does

not follow the usual ASTM standard procedure.

Because of

this, commercial PMMA specimens were prepared and it was
found that their bending strength results closely follow the
results for unfilled PMMA specimens generated by the
procedure described in this text.

The bending strength in

both cases was found to follow literature values.
2.

Instrument.

The bending test was performed on an

Instron Machine Model-TM at 23+/- 1 °C.

The velocity of the
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cross head was 0.125 cm/min.

The strain rate would depend

on the cross sectional area of the specimen.
D.

INTERFACIAL CHARACTERIZATION
Surface analysis of the fiber can generate useful

information about the interaction of fiber with polymer.
The vibrational spectra of the silane is a unique
fingerprint of the bonding associated with the silane.

If

the proper technique is chosen, hydrogen bonding, covalent
bonding and bond reversiblity can be determined.

ESCA/Auger

spectroscopy (see results and dicussion), offer the
possiblity of determining the thickness of the coating.
This can be related to the adsorption mechanism of the
silane, and in this work be related to the silanes* effect
on incident radiation.

SEM photomicrographs were collected

to gain further insight into the nature of the coupling
agent interaction.

The fracture surface morphology will

help to indicate the degree of interaction between glass and
polymer.
1.

Specimens.

Ground BK-10 glass was heated to 350 °C

for 12 hrs. to clean the surface of the glass.
was then used immediately.

The powder

Aqueous coating solutions

consisted of 3# silane in distilled water adjusted to pH 5
with acetic acid.

The solution was shaken vigorously to

disperse the silane, within 20 to 30 minutes the
hydrolyzation reaction had created a clear solution that was
ready to be used as a coating solution.

The glass powder
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was in contact with the solution for one minute, centrifuged
to remove the coating solution, rinsed, dried overnight at
room temperature, and then evacuated at 50 °C for one hour.
Half of the coated material was then subjected to a two hour
boiling water extraction.
as above.

The drying procedure was the same

Methylmethacrylate solutions had the silane

dissolved directly at 3$ concentration.

The monoethoxy

silane coating solution was generated in the same fashion as
the previous aqueous solution.

The hydrolysis reaction took

considerably longer for the monoethoxy silane.

Because of

this and insolubility, an emulsifying agent was added to the
solution.
Treated glass could then be placed in an initiated
monomer solution, containing no crosslinking agent, and the
system allowed to polymerize.

The composite was then placed

in THF and an exhaustive extraction of the unbound PMMA
accomplished.
The ESCA/Auger specimens were flat cubes of
soda-lime-silica window glass.

BK-10 was not used because

of the difficulty in achieving a flat well polished face.
The glass was again heated at 350 °C to clean the surface
and coated immediately.

The solutions were the same as

described for the PTIR experiments.
SEM specimens were obtained from breaking the composite
and collecting small fragments.
2.

Instruments .

A Perkin-Elmer 1750 Fourier Transform

Infrared Spectrometer was utilized for the IR measurements.
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Absorbance spectra were obtained from KBr pellets containing
approximately 10 mg of the treated glass powder.

The

spectra were recorded in double precision at a resolution at
4 cm"’^ with a total of 200 to 10 0 0 scans for signal
averaging.

A digital subtraction routine (32) was employed

and the results stored on a dedicated microcomputer.
The ESCA/Auger analysis was performed on a Physical
Electronics ESCA/Auger Spectrometer model 548.

Mg K alpha

excitation (1253*6 eV) was always used in the ESCA analysis
and an electron gun in the Auger technique.

The average

pressure of the analysis chamber was approximately 1 x
10exp-9 torr.
A JOEL 35 CMP Scanning Electron Microscope (SEM) was
utilized for microstructural analysis.

The fragments were

sputter coated with gold and then placed in the instrument.
The operating pressure was kept a approximately 1 x 10exp-6
Torr .
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IV.
A.

RESULTS AND DISCUSSION

THERMAL ANALYSIS
The glass transition temperature (Tg) of PMMA

composites containing randomly oriented, chopped glass
fibers was determined by differential scanning calorimetry
(DSC).

The effect of f iber diameter and volume percent

fiber concentration on Tg were evaluated.
Figure 3 shows the dependence of Tg on the volume
percent fiber concentration for samples containing 7 , 20 and
50 um diameter fiber.

The data indicates that Tg increases

as the fiber volume percent concentration increases.

It is

also clear that the smaller fiber have a more substantial
effect on the transition temperature.
the increase is small.
Tg.

In all three cases

Table I summarizes the results for

From the linear interpolation of the data, Tg was

calculated for a TO volume percent fiber composite.

The 7

micron diameter fiber showed the greatest increase, 4.t °C,
a 5*6 percent increase when compared to neat PMMA.
The small observed increase in temperature is not
totally unexpected.

Hsaka and Shibayama (33) investigated

the effect of fillers on the dynamic mechanical properties
of PMMA.

They found that the surface chemistry and total

surface area can have a substantial effect on the transition
temperature.

Their work points out that the filler has an

influence on the matrix material within a certain distance
from the filler surface.

By employing an equation developed
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Figure

3«

Glass transition temperature for for PMMA
containing 7, 20, and 50 um diameter,
chopped BK-10 glass fiber.

TABLE I

GLASS TRANSITION TEMPERATURE AND HDT DATA AS
CALCULATED FROM FIGURES 3 AND 8
Fiber Vol. #
0

—

Tg (Celsius)

io Difference

t 0 8 .5

—

to

7

114.6

5.6

to

20

112.5

5-7

to

50

112.5

5.7

Fiber Vol. #
0

Table I.

Fiber Diameter (um)

Fiber Diameter (um)
—

HDT (Celsius)

% Difference

1 1 9 •3

—

to

7

12t .t

t .5

to

20

12t .4

t .8

to

50

t 2 0 .8

1.3

Tg and HDT results presented above were calculated
from the linear regression of the data in Figures 3 and
8. The % difference vs. neat PMMA is also presented.
ro
''v l
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to calculate the volume of polymer under influence of the
filler, it becomes clear why the observed change
small.

The equation is as follows

(D

Nf = vtf/vf

(2)
(3)

= (pi (1 + ri)(rf + ri)2 ) '
- vf
V. = (V.)(N_)

(4)

^Influenced = (V. /V )100

where "N i " is the number of fibers, "V,tf " is the total
volume of fiber, "V^" is the volume of the matrix influenced
around a single fiber, "V . " is the total volume of
influenced polymer, "V^" is the volume of a fiber, ”V " is
the polymer volume, "1” is the length of the fiber, "r^"
radius of the fiber, and "r." is the thickness of the
influence range around each fiber.

It was found that "r^"

for PMMA and glass beads was 0.5 um (34).

If we assume the

average fiber to be 2 mm in length and 10 um in diameter, a
ten volume percent fiber and a total composite volume of 1
3
cm , the MV\ f* value becomes roughly two percent of the
total volume of PMMA.

With only two percent of the polymer

under the direct influence of the glass fiber, Tg should not
change significantly.

It should be further pointed out that

the influence of the silane with respect to this observation
may increase or decrease the sphere of influence generated
by the fiber.

It is the author's opinion that the silane

would probably increase the influence of the fiber because
of bond formation between the fiber and polymer.
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The author is aware of the scatter in the reported
data.

The author speculates that when the small DSC

specimens were removed,

the volume percent fiber reported

may not have been representative of each specimen.

It was

observed during the composite synthesis that "clumps" of
fibers were present despite considerable effort to disperse
them during polymerization.

Small concentrations of fiber

at a local level could influence Tg and thus produce what
might appear to be a deviant point.

Because of this, the

author is cautious when using the actual fiber volume
percent values, but rather reports a trend which indicates
the presence of fiber does indeed increase the Tg.
Thermal history proved to be very important in the
determination of the Tg.

Figure 4 shows a typical DSC plot

for a sample measured twice.

Prior to the first

measurement, the sample had received a post-polymerization
heat treatment of 80 °C for 1 hour.

The exothermic peak (A)

in the dashed curve just above the glass transition region,
indicates additional polymerization of methylmethacrylate
(MMA) monomer during the first heating.

Turi (35) has shown

in systems where vitrification occurs before complete
polymerization, that free monomer is rendered incapable of
migration to active sites on growing polymer chains.
consequence of this is trapped monomer.

The

When the system is

heated above the glass transition, i.e. devitrification, a
change in the mobility of the monomer is observed (3 5 ).
Thus, when the PMMA matrix changes in viscosity because of
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4-

(C e ls iu s )

Typical DSC plots for PMMA containing 20
um diameter, chopped BK-10 glass fibers.
The dashed line represents the first Fun and
the solid line the second run. The exothermic
peak (A) is due to polymerization of MMA
monomer.
Dashed line is first heating while
the solid line is the second heating.
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segmental mobility, Brownian motion

allows the monomer to

migrate to reactive positions in the matrix or be removed by
vaporization.
The glass transition, with respect to the dashed line
in Figure 4 , also appears to be occurring at a noticeably
lower temperature than that reported in Figure 3*
explained again by the presence of MMA monomer.

This is
In this

instance the monomer acts as a plasticizer to the matrix.
Horie et. a l . (36) explain that this is a phenomenon common
to most polymer systems.

The end of the exothermic peak

signifies the completion of the polymerization reaction.
The solid curve in Figure 4 is the second heating of the
composite and the exotherm is noticeably absent.

Tg was

reported as the onset of the change in slope in the DSC
curve.

The values reported in Figure 3 are the second scan

of each specimen.

These values were chosen because they

more accurately represent the final product.
Figure 5 shows that the free expansion coefficient for
composites containing 7 , 20 and 50 micron diameter fibers
decreased with increasing volume percent fiber.

The change

in fiber diameter had little measurable effect on the free
linear expansion except for the 50 um diameter fiber.

The

reported values are the average from 30 to 100 °C.
For the ideal case of an isotropic material intimately
bonded to a filler, yet not restricted from movement, the
volume expansion should follow the law of mixtures (37).
The expansion coefficient for BK-10 is reported to be 5-8 x
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Figure

5.

Linear thermal expansion coefficient
(30-100 degrees Celsius) for PMMA
c o n t a i n i n g 7, 20 and 5 0 um diameter,
chopped BK-10 fibers.
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10exp-6 / °C and

8.2 x 10exp-5 / °C for PMMA.

Thus for 10

volume percent fiber, the linear expansion of this system
should be around 7.5 x 10exp-5 / °C.
more than is observed.

This is considerably

Holliday et al. (3 ) has shown that

the presence of a strong interaction between polymer and
fiber, i.e. silane coupling agent, creates a larger
reduction in expansion than the law of mixtures predicts.
They report that filled PMMA, along with most filled
thermoplastics,
Turner.

follow an expansion theory predicted by

This theory takes into account the substantial

residual microstress located at the interface as a result of
restraint upon cooling.

The author has examined the

composite under crossed polarized light and appearance of
stress in the vicinity of fibers is very evident.
The observation that the 50 micron diameter fiber
appeared to expand to a greater degree can be explained from
the smaller interfacial area associated with a larger fiber.
With a smaller total surface area, the amount of matrix
influenced would be less, thus the polymer would be more
"free" to expand.
The scatter in the data again appears to be
significant.

The thermal expansion results were made with

the assumption that the specimens were isotropic.

The

author believes this to be reasonable for chopped fiber, but
as previously mentioned, localized concentration gradients
and fiber alignment would have an effect on this test.

If

the specimen were to contain an appreciable amount of fiber
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aligned in one direction, uniaxially, there would exist two
linear expansion coefficients (3 ).

The expansion in the

direction of the fiber would be less than the expansion
observed for the axes normal to the fiber.
Figure 6 shows the expansion curve for a typical
composite sample.

The slight shrinkage occurring between

T10 and 140 °C, the glass transition region, was not
expected.

It is known that polymers have a substantial

reduction in volume when going from monomer to polymer (3 8 )
and this could account for some of the shrinkage.

A more

likely explanation involves the conditions associated with
the polymerization apparatus.

As previously described, the

composites were formed in heat sealable bags that were
placed between two plates with pressure applied.

Bars were

cut from the bulk composites and the expansion test
specimens taken from the bars.

In each case the test

specimens were tested such that the face in contact with the
expansion probe always experienced an outward force.

Figure

7 illustrates how the expansion specimens were taken from
the bulk composite.
The pressure applied to the composite surface generated
a stress in the composite.

It is known that during the

production of stretched PMMA that similar forces are
generated in the polymer, and that a relaxation is observed
when that material is annealed (39)-

As the PMMA reaches a

point where segmental motion in the polymer is possible,
these stresses are relieved.

The polymer contracts where an
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Figure

6.

Typical expansion curves for PMMA
containing 20 um diameter, chopped BK-10
glass fibers.Q Solid tine is for a sample
neated to 80 °C while the dashed curve is for
a sample heated to 150 °C for 1 hour prior to
testing.

EXPANSION
PROBE

EXPANSION
SPECIMEN

Figure

7.

An illustration of the formation of the composite and
expansion te9t specimens with respect to the pressure applied

by the support p l a t e s .

00

<y>
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outward force exists and expands where an inward force
exists-

Crosslinking makes the process of total

irreversible relaxation impossible, as is verified by the
continued presence of the reduction for the sample heated to
150 degrees Celsius as a post-polymerization heat treatment,
see the dashed line in Figure 6 .
The onset of the shrinkage in the expansion curve was
designated by this author as the glass transition
temperature.

These values are not reported because of the

extreme difficulty in determining the exact position of the
onset.
The heat deflection or distortion temperature is
designed to give information about a material’s response to
a constant load as a function of temperature.

The HDT is

arbitrarily defined as the temperature where the sample
deflects 0.25 mm under a constant load.

Figure 8 shows that

the HDT at 66 psi varied only slightly with increasing fiber
content or with fiber diameter.

The results for 264 psi

were not as consistent, but paralleled the 66 psi results
closely.

Table I summarizes the HDT results.

As with the

DSC data, the HDT is determined from the linear regression
curve of the data for 10 volume percent fiber.

The results

indicate that there is very little difference with respect
to fiber diameter, with a nominal 1 . 5

percent average

increase over the neat PMMA.
Deflection of the sample requires a significant
decrease in the elastic modulus of the material.

When
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Figure

8.

Heat deflection temperature (HDT) for PMMA
containing 7 , 20 and 5 0 um diameter, chopped
BK-10 glass fiber.
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amorphous systems approach the glass transition region, the
modulus decreases by several orders of magnitude greater
than that required for the 0.25 mm deflection (4).

PMMA is

a completely amorphous system, and even though the stiff
glass fibers increase the modulus below the Tg, their effect
above the Tg is insufficient to retard the deflection.
Thus, only a small increase in HDT is expected.
Figure 9 shows a typical curve for a PMMA composite
tested in flexure.

As observed in the DSC and free

expansion data, HDt is lower for a sample heated to 80
than for the sample heated to 150 °C.

C

The free MMA monomer

is acting as a plasticizer, thus effectively lowering the
heat deflection temperature correspondingly.
Since the samples for each thermal test were numerous
and the tests very time-consuming, only a few samples were
tested twice to check for reproducibility.

It should also

be noted that the thermal history of a virgin specimen as
opposed to a specimen previously tested would be a factor to
consider when re-testing.
The poly(ethylene terephthalate) heat sealable bag used
to incapculate the composite during formation may have been
involved in this phenomenon.

FTIR spectrum and DSC

thermogram of the bag before and after composite formation
showed no discernable difference, thus the monomer solution
probably did not leach material from the bag that may have
effected the thermal or mechanical properties.
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Figure

9.

Typical heat deflection plots for PMMA
containing 20 um diameter, chopped Bg-tO
lass fibers"
Samples heated to 80 u
solid) or V50 °C (dashed) for 1 hour prior
to testing.

f
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B.

MECHANICAL PROPERTIES
Bending tests of the composite were performed by the

three point method at a constant deflection rate of 0 . 1 2 5
cm/min.

The specimens contained 10 um. diameter chopped

BK— 10 fiber, the variables being the volume fiber and the
silane coating technique.

The volume percent fiber was

determined by measuring the dimensions and weighing the test
bar to determine its density.

Once the density of the

composite was known the volume percent fiber could be
directly calculated
Figures 10 thru 14 show the bending strength data for
the different coating techniques.

Each point represents the

average of four test specimens cut from a common composite
slab.

Figure 15 shows the regression curves with respect to

bending strength for each coating technique.

The general

trend in each case is an increase in strength with
increasing volume percent fiber.

The uncoated fiber

composites appears to increase in strength to a lower degree
when compared to coated fiber, with the in-situ M8550
addition seeming to give the highest strength.

There

also

appears to be some difference between aqueous coating and
in-situ silane addition with respect to the bending
strength.
Table II summarizes the results of the bending tests
with respect to coating technique.

At 10 volume percent

fiber the corresponding bending strength has been calculated
from the regression curve.

When compared to unfilled PMMA,
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Figure 10.

Bending strength with respect to fiber loading
for uncoated chopped BK-10 glass fiber in PMMA.
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Figure 1 1 .

Bending strength with respect to fiber
loading for monoethoxy silane treated
chopped BK-10 glass fiber in PMMA.
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Figure 12.

Bending strength with respect to fiber loading
for aqueous silane treated chopped BK-10 glass
fiber in PMMA.
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Figure 13$.

Bending strength with respect to fiber
loading for the boiling water extraction of
aqueous silane treated chopped
BK-10 glass fiber in PMMA.
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Figure 14-

Bending strength with respect to fiber loading
for in-situ silane treatment of chopped BK-10
glass fiber in PMMA.
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Figure 15.

Bending strength regression curves for the
uncoated fiber, monoethoxy silane, aqueous
silane treatment, boiling water extraction, and
in-situ silane treated chopped BK-10 glass
fiber in PMMA.

TABLE II

BENDING STRENGTH FOR COMPOSITE CONTAINING 10 VOL.
COATED BY VARIOUS TECHNIQUES
Diff.vs PMMA

%

FIBER
Diff.vs UNC

Fiber Diameter
(um)

Bending Strength
(psi)

—

—

14,600

—

—

UNC

10

17,300

18

—

ADS

10

18,600

27

7

BEC

10

17,600

20

2

MMS

10

19,700

35

14

ISA

10

21,300

45

23

Coating
Tech.

UNC:
ADS:
BEC:
MES:
ISA:

%

$

Uncoated Fiber
Aqueous Silane Deposition (M8550)
Boiling Water Extraction of ADS
Monoethoxy Analog of the M8550 Silane
In-Situ Addition of the M8550 Silane

Table II.

Bending strength vith respect to fiber coating techniques is
presented. The bending strength values were calculated
from the regression curves in Figure 15 for 10 vol. % fiber.
% difference vs. neat PMMA and the uncoated fiber are also
presented.

The
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The smaller, 18.5 percent increase in bending strength
for the uncoated specimens,

can be explained by the lack of

adhesion between matrix and fiber.

Fiqure 23 shows the

interface of uncoated BK-10 fibers in a PMMA matrix.

The

outstanding feature is the gaps located at the fiber/polymer
interface.

This can be interpreted as poor interaction

between the two materials,
reaction (10).

i.e. poor stress transfer

Thus, it appears that a further improvement

does indeed require the silane coupling agent.
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The coating that involved the extraction showed a
nominal 2 percent increase when compared to untreated fiber.
This leads the author to believe that the physically and
chemically adsorbed layers (removed by the boiling water
treatment), as described by Schrader (17) may play a role in
the dry strength of the material at these fiber loadings.
Instead of acting as a weak layer, these layers may be
important in promoting adhesion.

A more likely explanation

of the poor results for the boiling water extraction
involves damage to the fiber.

The boiling water treatment

involves a rigorous exposure to boiling water for 2 hours,
during which time fiber to fiber contact is extensive.

This

constant contact may have weakened the fibers and lowered
their mechanical strength.
The fact that monoethoxy silane coated fiber strength
results are similar to the in-situ addition technique was
not totally expected.

By virtue of the reactivity of the

monoethoxy silane molecule, being able to condense on the
fiber surface or to form a dimer, a very thin layer would be
deposited.

This would indicate that a very thin film may be

the most advantageous.

This is in agreement with the

literature, but as suggested earlier for low fiber loadings
and the fact that the aqueous coating leads to similar
results, a change from the well established trimethoxy
silane should be made only after further mechanical testing.
It was observed that the strength for 1-4 volume percent
fiber, appeared to be less than for unfilled PMMA.

This
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observation was not anticipated, but an explanation could
involve stress concentrat ion.

As mentioned earlier, there

appears to be considerable stress in the vicinity of fibers
as observed under polarized light.

If the fibers act as

stress concentration points in the matrix, localized
premature failure might occur.
surface of the composite itself.

Another possibility is the
It was observed that

failure often occurred at what appeared to be a region of
high fiber population at the surface.

Fibers penetrating

the surface may have acted as a failure initiation point.
The author has found no strong evidence in the literature to
support the second theory, but is confident that the second
observation was an important factor with respect to the
reduced strength at 1-4 volume percent fiber.

A final

factor may involve the efficiency of the reinforcing
material.

If the volume percent fiber loadings are such

that poor fiber to fiber stress transfer is occurring, the
load carrying capability of the fiber may be less than
expected.
The scatter in the data can be attributed to several
factors, the first being fiber alignment and concentration.
It has been observed in bone cements, which are mixtures of
PMMA and a reinforcer, that fiber concentration
inhomogeneities has caused considerable scatter in
mechanical strength data (40).

Scatter can also be related

to the volume fraction determination.

The method used

assumes that the volume of the composite can accurately be
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determined by simply measuring the dimensions.

Several of

the composite test bar were observed not to be a perfect
rectangular shape.
C.

SILANE COATING- CHEMISTRY
The covalent bonding of glass is critical to visible

light transmission of the composite system.

It has been

documented that silane coupling agents can help prevent
minute fractures at the matrix fiber interface that would
cause opacity (15)-

For this reason establishing good

fiber/matrix bonding for this polymerization system is
desirable.
As stated in the experimental section, BK— 10 was
ground, coated, pressed into KBr pellets and examined
utilizing FTIR.
Figure 16 is the absorption spectrum of the ground
glass.

The noticeable feature of this spectrum is the very

strong, broad absorption at 1039 cm"^.
the Si-O-Si stretching frequency.

Which is assigned to

Figure 17 is the

absorption spectrum of the glass after being coated with a
35^ aqueous solution of M8550 silane.

It is obvious that the

glass background masks any chemical information available
from this spectrum.

For this reason a digital subtraction

routine was employed to remove the glass absorption signal.
Figure 18 (bottom) is the subtration spectrum and it clearly
shows the structure of the silane.
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Figure 16.

IR Absorbance spectrum for BK-10 glass.
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Figure 17.

IR absorbance spectrum of BK-10 glass treated
with a 3 % aqueous M8550 silane solution.
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IR absorbance spectrum of neat M855Q silane
(top) and the subtraction of Figure 16 from
Figure 17 (bottom). *The result ant spectrum
(bott om) is that of the surface bound silane.

56

The peaks of particular interest are at 1720 cm \
cm

-1

, and 903 cm

-1

.

1639

These correspond to carbonyl

stretching, carbon-carbon double bond stretching and the
silicon-oxygen stretching of the coupling agent silanol
respectively (26).

Figure 18 (top) is the IR spectrum of

the neat silane, the carbonyl stretching and the double bond
vibration are clearly evident.

The different coating

techniques did not produce any discernible difference with
respect to the silane IR spectrum.

It was not possible to

obtain a spectrum of the monoethoxy analog, this is probably
due to the limited quantity of silane that deposits from
this system.
The presence of the carbonyl frequency at 1720 cm~^
indicates that the coating has condensed to a large degree.
If there was an appreciable amount of hydrogen bonding
between silanols and carbonyl, there would be a shift in the
absorbtion to 1700 cm” 1 .

This is confirmed by the extremely

weak signal at 903 cm” ^ , this signal is assigned to the Si-0
stretching of silanols and because of the weak signal it can
be assumed that a majority of the silanols have condensed.
Further evidence of the condensation reaction can be
observed by the disappearence of the hydrogen bonded
silanols at 3500 cm ^ , but because of the extreme difficulty
in obtaining a quantitative difference in peak area, this
evidence is not presented.
The 1639 cm-1 signal indicates that after the surface
treatment process has been completed, the carbon-carbon
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double bond remains.

This is significant in that the silane

attached to the surface now has the capability to react with
the free radical polymerization that forms the PMMA.
After the polymerization of MMA in the presence of
silane coated BK-10, fiber the spectrum in Figure 19 is
generated.

The process involved allowing the polymerization

to go to completion and then extracting the unbound polymer.
The average weight gain was approximately 5 percent.

As

with the silane coating, this spectrum reveals limited
chemical information, for this reason the BK-10 spectrum is
subtracted from Figure 19-

Figure 20 (bottom) is the

subtraction absorbance spectrum of the surface after the
treated glass has been placed in an initiated
methylmethacrylate solution.

The carbonyl stretching

frequency at 1737 cm”^ is assigned to that of neat PMMA.
This can clearly be seen in the IR spectrum of PMMA also
presented in Figure 20 (top).

This indicates that the

signal is due to bound PMMA that could not be extracted.
Again examining Figure 20 (bottom), the carbon-carbon double
bond stretching signal is noticeably absent.

This indicates

that the double bond has reacted and that the silane is now
incorperated in the polymer backbone.

As with with the

silane coupling agent subtraction spectra, the boiling water
extraction and in-situ addition as well as the monoethoxy
silane treatments copolymerization subtraction spectra gave
similar results.
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Figure

^

9

•

IR absorbance spectrum of silane treated glass
copolymerized with MMA.
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WAVENUMBER (carl)

Figure 20.

IR absorbance spectrum of pure PMMA (top) and
the subtraction of Figure 16 from Figure 19
(bottom) :~ The resultant spectrum ("bottom")
is that of surface bound PMMA/silane copolymer.
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A similar experiment was made with fiber that was
untreated and after extraction less than 0.5 percent weight
gain was observed.

The carbonyl signal at 1757 cm~^ was

noticeably absent from the spectrum.
Figure 21 is an illustration of the bonding associated
with the PMMA/BK-10 M8550 silane interface.

The silane

layer has been simplified by including only a single silane
molecule rather than the polymeric film that is deposited.
D.

SILANE LAYER THICKNESS ANALYSIS
The coating thickness on the surface of a polished flat

plate glass substrate was determined by ESCA/Auger analysis
Sputtering the silane layer with an ionized argon gas and
analyzing the surface as a function of time allows for the
thickness determination.

The coating solutions were

developed to simulate the composite system used for the
thermal analysis and mechanical tests.

The thickness of the

silane layer was determined by locating the sudden decrease
in the carbon signal from the silane.

The results in Figure

22 show that the thickness is approximately 0.1 um for all
cases, except for the monoethoxy silane.

The monoethoxy

silane can form a single bond with the glass surface or a
dimer incapable of covalently bonding to the glass,

thus the

film thickness should be less than the polymer forming
triraethoxy silane.

This

is observed, 0.06 u m , but the film

thickness is considerably more than a monolayer coverage
(approxiamtely 50 A).

This is probably due to the physical
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INTERFACIAL COVALENT BONDING

PMMA Matrix

Figure 21.

Silane

Fiber

Covalent bonding generated at the interface of a
M8550 silane coated BK— 10 fiber after
copolymerization with MMA.
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Figure 22.

ESCA/Auger silane coating thickness analysis.
Sputtering rate of 20 Angstroms/min.
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adsorption of the dimer which is not completely removed
during the rinse.

The silane coating thickness could become

important when considering the effect of the coating on the
path of incident visible radiation (2).
E.

MICROSTRUCTURE
The SEM investigation of the "wetting” of the glass

fibers by the PMMA matrix are shown in Figures 23 thru 27.
Figure 23 shows the composite with no silane present.

Voids

at the interface are obvious and the wetting of the fiber by
the polymer is unacceptable.

Figures 24 and 25 show the

fracture surfaces of composites that contained silane,
aqueous precoat and in-situ addition, respectively.

The

morphology of the interface appears to be very similar in
that excellent "wetting" of the fiber is observed in both
cases.

The noticeable absences of voids and the appearance

of polymer attached to the surface of fiber pullout
indicates that the interaction is very strong and that
cohesive failure of the matrix rather than adhesive failure
predominates.

The author speculates that this is probably

the most advantageous failure mode.
Figure 26 is the photomicrograph of the fracture
surface of a composite that contains the monoethoxy analog
to M8550.

The "wetting" appears to be acceptable, but the

presence of less organic material on the surface of fiber
pullout indicates that a lower degree of copolymerization
has occurred.
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Figure 23 •

Fracture surfaces of PMMA containing uncoated
BK-10 glass fibers. Magnification of fOOOx
(top) and (bottom). White bar indicates to um.
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Figure 24.

Fracture surfaces of PMMA containing BK-10
glass fibers treated with a 3 % aqueous
silane solution. Magnification of 500x (top)
and 1006x (.bottom). White bar indicates 10 u m .

Ik *
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Figure 25•

Fracture surfaces of PMMA containing BK-10
glass fibers treated by the in— situ addition of
of 3
M855Q silan^T Magnification of 500x
(top ) and 1 000 x (bottom). White bar indicates
10 u m .
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Figure 26.

Fracture surfaces of PMMA containing BK-10
glass fiber treated with a 3% monoethoxy silane
soluti o n ♦ Magnification of 500x (top ) and
1OOOx ["bottom). White bar indicates 10 u m .
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Figure 27.

Fracture surfaces of PMMA containing BK-10
glass fiber treated with a 5 % amino silane
solution. Magnification of 500x (top) and
1OOOx Cbottom)• White bar indicates 10 um.
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A composite with an amino silane,
gamma-aminopropyItriethoxy silane, was also examined by SEM,
see Figure 27.

Fiber "wetting” observed for the A0750

silane is noticeably absent.

It has been suggested that

this silane can improve the strength properties of PMMA
glass fiber composites (40) , but the optical requirement of
no interfacial voids is clearly not met by this silane.
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V.

CONCLUSIONS

Thermal analysis of the PMMA/BK-10 composite reveals
that the glass transition temperature increases slightly
with fiber content, but because of the low volume percent
fiber, the increase is less than 5 percent. The linear
expansion was follow the general trend for fiber filled
thermoplastics as previously described by Holliday et al
(5)-

The HDT paralleled that of the glass transition

temperature with a nominal gain for the fiber loading
employed.
The results of the mechanical testing showed promise
for the reinforcement of the PMMA matrix.

A 45 percent gain

in bending strength was accomplished for 10 volume percent
fiber treated with the in-situ addition of M8550 silane
coupling agent.

The improvement observed for a monoethoxy

analog of the M8550 silane paralleled that of the in-situ
addition of the M8550, but the author would suggest further
mechanical testing to determine whether this silane should
be used instead of the well established trimethoxy silane.
The results of the interfacial study indicate that the
polymerization system employed in this work allows for the
bonding of PMMA to the BK-10 fiber surface.

The ETIR

results show that the aqueous and in-situ addition of
silane, produce a coating that displays the bonding
characteristics of similar systems previously studied in the
literature.

The ESCA/Auger thickness profile results

indicate that these coating techniques do deposit
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considerably more silane than is necessary for a monolayer
coverage.

Further optical testing with respect to the fiber

interface should indicate whether the silane coating
contributes to loss in light transmission.

This author

feels that, if the silane layer is too thick, this could
indeed be detrimental to the transmission of light.

The SEM

photomicrographs indicate that the current silane treatments
greatly increases the "wetting" of the fiber by the PMMA.
Further investigation as to the role of the silane
coating with respect to the optical properties of the
composite material need to be conducted.

The current study

reveals that ’’wetting” has been greatly improved and that
this has allowed for the reinforcement of some physical
properties, but its effect on the optical properties is not
known and should be determined.
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